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Preface
This following manuscript is the culmination of 80 days of fieldwork at the
Matanuska Glacier, Alaska, in the summer of the year 2000. This research
opportunity was filled with trial and tribulation, aswell as unexpected success and
academic growth. When the field season ended, we left with data on such processes
as sub-glacial discharge of meltwater and sediment, tributary drainage basin sediment
delivery, fluvial response to localized base-Ievelfall and to melt-season variations in
sediment and discharge. The author was very fortunate to have had the opportunity to
work in such a geologically dynamic field location.
Chapter 1 of this work details the results and interpretations of the data
collected for the purpose of quantifying and understanding the relative contribution of
coarse bedload to the overall glacial erosion budget. Contrary to our original working
hypothesis, this turns out to be negligible portion of the overall sedimentyield. The
availability of sediment strongly controls the magnitudes of mass fluxed out of the
vents. This is quite useful knowledge to have, as supply-limited systems ignore
predictive formulae.
Chapter 2 thoroughly examines the extent of impact and fluvial adjustments to
changes in base level, discharge, and sediment load. It is found that the system is well
gradedto the fluctuations in magnitude of discharge and sediment load. In addition,
iii
we document and characterize the pre- syn- and post-baselevel fall conditions of the
channel. The results of this analysis show that the system response is characterized by
an overall exponential decay curve, with a complex response of alternation between
sediment storage and evacuation.
The author has benefited greatly, both personally and professionally, from the
creation of this manuscript. It is hoped that the reader will derive insight from this
work, and that this knowledge will contribute in some small part to the geologic
community.
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Abstract
Magnitudes of glacially derived bedload flux and the relative ratios between
the suspended and bedload components of total sediment load are·highly debated.
Published data indicateJarge extremes in the ratio between glacially-derived
suspended load and bedload, measuredfrom pro-glacial channels. This ratio can
range frOlll < 30% to> 75% bedload, depending on the specific glacier setting. Two
"vents", which are the sources for supercooled sub-glacial meltwater discharge, were
sampled over the course of an entire melt season in order to quantify the flux of
glacially delivered bedload at the Matanuska Glacier. The results of the calculations
show thatthe bedload component is negligible and may not be a significant
contribution to the total glacier erosion budget. Furthermore, it is revealed that the
bedload fluxes are strongly supply-limited, as shown by the poor correlation between
discharge and bedload capacity. Thus, in this case, any attempt at employing a
predictive quantitative expression for erosion based on discharge alone would be
invalid. Analysis of the data is cast in the context of inherent glacial variability
(presumably related to·the sub-glacial drainage network), as well as implications for
erosional styles of a steady-state temperate glacier.
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Introduction
No one doubts that glaciers erode; the important questions are how much,
how fast, and by what process. Numerical derivations have been put forth to
quantitatively describe the ranges and rates of glacial erosional processes (Alley et
al, 1997), yet there still remains relatively little field data on which to constrain and
base the boundary conditions of these models.
In the context of global denudation, the role of small, mountainous basins has
recently been shown to be capable and culpable of delivering a disproportionately
.high amount of sediment out of the basins than previously thought, when compared
to continental-scale drainage basins such as the Amazon, Mississippi, {)r Ganges-
Bramaputra systems (Milliman and Syvitski, 1992; Jaegar,1998). Moreover, it is
also recognized thatthe ranges and rates of denuda~on in glaciated basins are
significantly higher than those of non-glaciated basins (Hunter, 1996; Hallet et al,
1996). In order to quantify the rates and magnitudes of erosion from glaciated (and
non-glacierized) basins, attention must be focussed on the fluvial· system, as it is the .
route through which all sediment must egress.
As glaciers release their entrained sediment to the glacio-fluvial drainage
network, there are two components of the total load, the bedload and the suspended
load. Because of the relative ease of sampling in the field, the suspended load for
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many glaciated basins has been well documented and quantified (Lawson, 1993;
Bogen, 1996; Gurnell, 1987). In this light, the geologic community has learned much
about the spatio-temporal variation, patterns, and behaviors of glacial suspended
sediment delivery and load. However, due to the physical and logistical difficulties
of sampling, as·well as inherent variability, there is a lack of data pertaining to the
amounts and rates of bedload flux through these systems. It then becomes necessary
to sample manually for the bedload value, because it could potentially be a large
contributor to the overall estimation of the basin-wide erosion rates, and as such
needs to be constrained. Available glacial bedload data are compiled and well
summarized by Hallet et al (1996), Gurnell and Clark (1987), and others, yet many
questions remain. For instance, Bogen (1989) found that over the years 1969 -1993,
,
the Nigardsbreen glacier bedload vs. suspended load ratio fluctuates stochastically,
but averages to 44% bedload. Much continuing debate exists as to what the ratios of
suspended load versus bedload actually are in regards to glacial erosion. Specifically,
can a representative fraction be employed in estimating erosion, especially
considering the uniqueness of independent glacial types, movement conditions,
bedrock lithologies, basin climate and hydrology.
At our study area, there are sub-rounded to rounded cobbles in the pro-glacial
channels and vent fringes. It is poorly understood whether these clasts are being
3
delivered to the sub-glacial drainage system via inwash, via physical erosion of the
bedrock, whether they are the remnants of fluvial reworking of moraines, or if they
are delivered tothe terminus by smaller tributary basins.
The fluvial systems that drain the Matanuska Glacier in south-central Alaska
are uniquely situated to address the question of coarse sediment production. Herein
we will present bedload sediment flux data collected from an entire melt season. This
data will be compared with suspended sediment load data, as well as data from a
non-glaciated tributary basin just downstream of the glacier terminus, in order to
provide context regarding the relative evacuation rates between glaciated and non-
glaciated basins. Acentral goal of this paper will be to determine if there is· any
meaningful predictive relationship between discharge and bedload flux. We will
attempt to demonstrate that, in this case, glacially-derived bedload magnitudes are
negligibly small, and that the role. of smaller, non-glaciated tributary basins to over
all flux of sediment, and hence denudation, is larger than expected. Furthermore, we
will present plausible and alternative scenarios as to why this is the case.
Physical Setting
The Matanuska Glacier, located 100 miles northeast of Anchorage, Alaska,
covers approximately 280 km2 in area, and is situated in the east-west trending valley
4
between the Talkeetna Mountains to the north, and the Chugach Mountains to the
south (Figure 1-1). The Matanuska Glacier is classified as a temperate glacier, where
liquid and solid phases of water coexist at or below ODC (Lawson, 1993). In certain
places along the glacier terminus, supercooled, sediment-laden, sub-glacial
meltwater erupts upward due to hydrostatic pressure and is manifested at the surface
as "vents" (Evenson et aI, 1999). The load of suspended sediment from these
discharge vents has been well quantified over thepast few years (Lawson, 1993). In
contrast, the bedload component has notbeen as extensively studied.
The source of meltwater and sediment discharge to the fluvial systemis from
"vents", where sub-glacial meltwater is expunged. The vents typically have a lake-
like morphology, with the sub-glacial discharge appearing as a I-meter fountain in
the middle of the body of water when hydrostatic pressure builds up. Two such vents
were chosen for sampling during the summer2000 melt season, the North Vent (NY)
and Little River (LR). These vents were selected primarily because of their
accessibility and flow wade-ability. The Little River vent is situated behind a
.moraine, and has hillslopes of vegetation-free, debris-covered ice. The ice melts as
the summer progresses, instigating many small-scal~ mudflows. These mudflows,
referred to as "inwash", are a dominant process for delivering coarse and fine
sediment to the fluvial system. The North Vent, in contrast, has a thick cover of
5
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Figure 1-1. Location map showing Matanuska Glacier and itswatershed
boundary, Hick1s Creek tributary, and the approximate sample locations
(open circles). LR is on the west side of the terminus, NV is on the north
side. Blowup map is UTM coordiante system, zone 11.
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vegetation binding the surrounding ice-cored hiIlslopes,and therefore receives little
to no inwash during the melt season.
Methods
Bedload data was collected using two Helley-Smith hand-sampling devices,
one with a narrow orifice (7.8 cm wide), and one with alarger area orifice (15.2 cm
wide). The narrow·orifice is of heavier construction, with the advantage of having
less ofa "parachute" effect when employed during high flows, and is therefore more
accurate asit tends not to slide on the bed. The larger area orifice is lighter in
construction, and was employed during low-flow times, in order to increase the
sampling sensitivity. However,this sampler could not reliably be employed during
high-flow events due to its pronounced "parachute" effect. The difference in vertical
aperture size in capturing sediment is considered negligible,· as no deflection of
material off of the orifice was physically detected (e.g. impact vibrations) during
sampling.
In order to obtain the most accurate sample of bedload sediment flux
possible, it was necessary first to gingerly feel around the bed of the channel
(without disturbing any sediment) to find the most topographically flat part available
in the channel. The reason being that the streams are quite turbid with silt, and it is
7
impossible to visually determine if there are any barriers to bedload movement
blocking the orifice (I.e. large clasts not in traction). It is also imperative to ensure
that the sampling device is not perched on any large clasts preventing the sampler
from lying flat on.the channel bottom, effectively missing the tracting flux. When
such a section of channel bottom is located, the sampler was conscientiously lowered
to the channel floor to prevent any disturbance of the bottom sediment when impact
occurred. We consciously avoided any tilt of the sampler forward of the angle
normal to the bottom of the channel, also know as "scooping". Scooping can easily
occur, and will significantly increase the amount of sediInent collected as the flow of
the stream becomes disrupted and scouring turbulence is concentrated at the very
frontof the sampling orifice. For this reason, our data should be considered a
conservative "lower limit".
Because bedload flux can be quite spatially variable, one site of sampling was
chosen for each vent, and strictly adhered to throughout the melt season. At both NV
and LR, this location was at the transition point between the vent's outlet and the
start of the alluvial reaches. The importance of this location cannot be stressed
enough, because this has the distinct advantage of isolating out any fluvial reworking
and transport of bedload, thus allowing for the quantification of the true sub-glacial
sediment delivery process. Furthermore, both locations were at the middle of the
8
sediment pathway, so theoretically we were sampling the maximum flux, as tractive
and shear stress decrease towards the banks. Samples of bedload were generally
taken for three to five minutes of time, with less time allocated for high sediment
transport and more time for low sediment transport. This sampling strategy was
employed in order to get the most representative values of transport. The samples
were thendried and weighed in the field laboratory. The mass ofthe sediment (in
grams) was then divided by the product ofthe samplelime (in seconds) times the
width of the sampler orifice (in meters). The latter computation has the benefit of
normalizing the two different sampling orifices in terms of a unit width. The
resulting value yields a transfer of sediment expressed as flux per unit channel width
(g mol Sol).
Mter being dried and weighed, the samples were then sieved through an
automated Ro-Tap sieve device for ten minutes·to determine the distribution of grain
sizes in the sample. The results of the sieving are reported as percent by mass of the
total sample mass. Clasts larger than -2.25 phi were not sorted by size and can
represent a range of particle sizes, dominated by pebbles. Cobbles are only very
rarely present.
Suspended sediment load was obtained through an automated ISCO sampler
on an automated sampling schedule. Samples were taken daily at 2-hour intervals,
9
and reported as concentrations (gIL). These data were then converted to an average
concentration value, and multiplied by the average discharge (m3/s) during the
sediment samplinginterval, in order to derive a mass per time value suitable for
comparison with the bedload data.
Data
Flow data were obtained from a USGS digital nitrogen-bubbler flow recorder
for the period of bedload sampling (Figures 1-2a and 1-2b). The·discharge data is
reported on 10-minuteintervals.Peak daily flow for North Vent was 14.7 m3 s·l,
occurringon June 28, and 7.4 m3 S·l at July 15 for Little River vent. Average daily
flow is 4.2 m3 S·l for NV and 2.8 m3 S·l for LR. The spike inLR discharge on the 10th
of July is a result of a culvert removal immediately upstream of the gage and the
ensuing draining of the backwater pond, and is not indicative of any physical process
at the vent.
Bedload and grain size data for both vents are summarized in Table 1. The
average bedload flux (Ave. BLF) through Little River is 1.59 g mol sol. The average
annual bedload flux term for comparison with the average annual suspended load
flux (SLF) is:
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Sample Totel sed.
Semple duration Sample ·2.25 Phi (% -1 Phi (% by o Phi (% by 1 Phi (% by 2 Phi (% by 3 Phi(% by weight % by weight % bywaight
Number Sample date Sample time (min.) Location by weight) weight) weight) weight) weight) weight) (grams) FLUX (glm.s) gravel sand
3 26-May-DO 2:00 PM 3 Little River Vent 0.00% 50.56% 28.33% 15.00% 6.11% 0.00% 0.180 0.01 50.56% 49.44%
6 3~av-DO 5:30 PM 3 little River Vent 0.00% 22.51% 25.65% 37.28% 14.14% 0.42% 0.955 0.07 22.51% 77.49%
7 31-May-OO 12:30 PM 6 little River Vent 0.00% 63.29% 20.55% 12.40% 3.55% 0.21% 2.847 0.10 63.29% 36.71%
8 3-Jun-DO 12:30 PM 3 Little River Vent 0.00% 86.38% 10.50% 2.25% 0.87% 0.00% 0.800 0.06 86.38% 13.62%
11 6-Jun-DO 2:00 PM 2 Little River Vent 2.56% 26.84% 35.01% 23.54% 11.69% 0.36% 34.677 1.90 29.40% 70.60%
13 lQ-Jun-DO 11:30AM 3 little River Vent 15.62% 54.30% 23.47% 5.57% 1.03% 0.00% 1.453 0.11 69.92% 30.06%
16 13-Jun-DO 11:30 AM 6 North Vent 94.99% 0.86% 0.71% 1.73% 1.82% 0.09% 111.388 4.07 95.65% 4.35%
17 14-Jun-DO 3:30 PM 3 little River Vent 0.00% 60.68% 27.35% 8.55% 3.42% 0.00% 0.351 0.03 60.68% 39.32%
19 16-Jun-DO 12:00 PM 5 little River Vent 61.84% 24.02% 8.32% 4.22% 1.52% 0.06% 221.754 4.86 85.86% 14.14%
21 16-Jun-DO 2:45 PM 5 Little River Vent 68.11% 16.50% 8.23% 4.75% 2.31% 0.09% 228.563 5.01 84.61% 15.39%
23 17-Jun-DO 11:15AM 5 NorthVenl 88.27% 2.87% 2.40% 3.22% 2.94% 0.30% 670.349 14.70 91.13% 8.87%
25 19-Jun-DO 11:00AM 5 North Vent 30.03% 11.73% 15.35% 22.71% 19.03% 1.16% 46.476 1.02 41.75% 58.25%
26 19-Jun-DO 12:35 PM 5 North Vent 30.93% 15.22% 14.70% 19.14% 18.32% 1.70% 86.896 1.91 46.15% 53.85%
27 21-Jun-DO 11:45AM 5 North Vent 62.13% 13.71% 10.00% 8.49% 5.33% 0.35% 343.580 7.53 75.84% 24.16%
33 23-Jun-DO 11:00AM 5 North Vent 43.55% 6.93% 5.23% 7.72% 29.17% 7.40% 218.157 4.78 50.49% 49.51%
35 24-Jun-DO 10:45 AM 5 Little River Vent 31.37% 19.22% 12.56% 14.14% 19.28% 3.43% In.703 7.79 50.58% 49.42%
37 26-Jun-DO 12:30 PM 5 North Vent 41.53% 19.62% 13.41% 12.02% 11.41% 2.01% 180.548 3.96 61.14% 36.86%
Table 1-1. Bedload sample masses, fluxes, and grain size distributions.
% by weight % by weight
FLUX (glm.s) gravel sand
Total sed.
weight
(grams)
3 Phi (% by
weight)
2 Phi (% by
weight)
1 Phi (% by
weight)
-2.25 Phi (% -1 Phi (% by 0 Phi (% by
by weight) waight) waight)
Sample
location
Semple
duration
(min.)SampletimaSampladata
Sampla
Number
-. ~ ······f -----.. ....._, .. ~ .... -', • ~ .... '-f ,-
39 27-Jun.()() 5:30 PM 4 North Vent 6.99% 6.37% 5.73% 10.11% 37.71% 33.09% 98.499 2.70 13.36% 86.64%
40 29-Jun.()() 5:20 PM 6 North Vent 0.09% 1.28% 4.11% 15.78% 57.66% 21.08% 260.923 9.54 1.37% 98.63%
41 29-Jun.()() 10:00 AM 3 Little River Vent 16.03% 27.34% 16.29% 18.40% 20.73% 1.20% 36.377 1.33 43.38% 56.62%
42 29-Jun.()() 11:30AM 3 North Vant 1.56% 2.44% 3.83% 10.64% 63.70% 17.62% 166.437 12.17 4.00% 96.00%
45 1-Jul'()() 11:00 AM 5 North Vent 37.05% 2.35% 11.20% 35.14% 12.78% 1.48% 1167.921 51.22 39.40% 60.60%
50 5-Jul'()() 10:50 AM 13 North Vent 39.57% 13.50% 12.80% 19.89% 13.38% 0.86% 138.212 3.79 53.07% 48.93%
52 7-Jul'()() 11:30AM 5 North Vent 4.31% 24.59% 24.05% 28.10% 17.42% 1.53% 19.627 0.86 28.90% 71.10%
55 9-Jul'()() 11:00 AM 3 North Vent 27.01% 22.68% 28.45% 15.62% 5.34% 0.90% 16.339 1.19 49.69% 50.31%
57 15-Jul.QO 12:00 PM 5 North Vent 6.04% 22.74% 29.02% 26.07% 14.90% 1.24% 27.489 1.21 28.78% 71.22%
60 17-Jul.QO 11:30 AM 5 North Vent 2.55% 28.33% 32.35% 26.22% 9.48% 1.07% 13.318 0.58 30.88% 69.12%
61 19-Jul'()() 1:40 PM 5 Little River Vent 64.34% 14.82% 7.34% 7.44% 5.48% 0.58% 13.037 0.57 79.16% 20.64%
63 21-Jul'()() 11:50AM 5 NorthVenl 43.34% 24.23% 15.03% 11.85% 5.12% 0.43% 28.980 1.27 67.57% 32.43%
64 23-Jul'()() 2:20 PM 5 Little River Vent 15.63% 41.12% 17.13% 13.09% 11.31% 1.72% 3.147 0.14 56.75% 43.25%
66 25-Jul'()() 10:40 AM 5 North Vent 8.69% 8.33% 20.72% 31.53% 28.20% 2.53% 5.015 0.22 17.03% 82.97%
81 27-Jul.QO 10:00 AM 5 North Vent 45.06% 24.64% 15.93% 10.54% 3.65% 0.17% 109.445 4.80 69.70% 30.30%
82 29-Jul.QO 4:20 PM 5 Little River Vent 37.53% 37.58% 15.62% 5.72% 3.27% 0.28% 6.506 0.29 75.12% 24.86%
84 2-Auo-OQ 1:00 PM 5 North Vent 24.80% 28.39% 25.62% 16.71% 4.34% 0.14% 121.538 5.33 53.19% 48.81%
.....
...
Table 1-1. Bedload sample masses, fluxes, and grain size distributions.
Ave. annual BLF(Metric tons) =
Ave. BLF (g mol sol) * 1003 (kg gO1) * 31536000 (s yr-l)
*0.001 (metric tonskgol)
(1)
LR produces an average of 50.2 metric tons of bedload outof the vent per year, per
unit channel width. This value is close to the integrated load because the channel
width at LR site is approximately 1 meter wide, and the bedload movement is
concentrated at the medial portions of the flow.
The average suspended sediment load concentration for LR is 1.066 gL-l.
The following calculation is for the average annual SLF:
Ave. annual SLF (Metric tons) =
Ave. SLF (g L-l)* 1003 (kg g-l) * 103 (L m-3) * Ave. Q
(m3 sol) * 31536000 (s yrl) * 0.001 (metric tons kg-I),
(2)
where Q is meltwater discharge. LR discharged an average of 73,286 metric tons of
suspended sediment from the vent during the summer of 2000. This reveals that the
bedload is 0.07% of the total load, a ratio of 1460:1 (SLF:BLF).
For North Vent, the average bedload flux is 6.64 gmol sol, which results in
209.5 metric tons per year being fluxed out of the vent. In comparison, for the NV,
the suspended load computes to be 184,115 metric tons per year. This results in a
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ratio of suspended load to bedload of 879: 1. Put another way, the bedload is 0.11%
of the total load - a rather insignificant portion of the total load. If we assume a
constant transport rate across the channel width at the sampling location (-10m), the
integrated bedload flux rises to 1.1% of the total load.
The above calculations are performed assuming a full year of sediment and
water discharge activity. In reality, the systems are operate during the months of late
May through early October, thus we are overestimating thefluxes. Applying a six
month time window to the average fluxes, the sediment yield is halvedfor the
bedload and suspended load. Also, the combined discharge of the two systems
accounts for only approximately 25% of the totalglacial discharge (1. Denner, pers.
comm.). Using the North Vent data as it is consideredto bemore representative of
the system, we see thatscaling our average annual flux estimates to represent 100%
of the glacial discharge (and, by extension sediment yield), reveals nodramatic
increase in the bedload flux (4.4% of total load). However, it should be noted that the
two vent systems studied are themselves separate from the other less-accessible
vents. Therefore, linearly extrapolating the data to account for these sources should
be done with great caution, because the average discharge and sediment flux could
be much higher or much lower at those sites.
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In directcontrast to the vent data, two tributary streams to the Matanuska
River were spot sampled during the early melt season. Hick's·Creek, which is
downstream of the glacier terminus (Figure 1-1), was sampled on 8-June-00,
approximately 550 meters upstream from the junction with the Matanuska River. At
this time, snowmelt runoff was very high and the flux of bedload through the sample
location was tremendous. The channel bottom was greatly overloose and
saltatinwtracting clast impacts were distinctly audible. Using the previously
described methods.and velocity-area discharge calculations, Hick's Creek
transported an average of 416.7g m-1 S-1 of bedload with an average discharge of
2.15m3 s-1• The clasts were too big to be sieved, and were generally fist-sized. While
the flux magnitude is striking, it should be noted that the previous winter
experienced a much larger than normal snowfall, as well as an earlier overall peak
discharge, which could make the measurements above average. On the other hand,
only half of the Hick's Creek channel could be sampled due to flow intensity, so
theoretically,these values should be at least doubled in size. The timing of the
sediment delivery from this basin seems to be episodic, yet could be responsible for
infrequent evacuation of large slugs of sedimentstored on the hillslopes or in
channels to the axialtrunk Matanuska River, and out of the system.
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Grain size data for both of the sub:-glacial vent samples are tabulated in Table
1-1. There is much variation in grain size distribution throughout the melt season,
and no trend is apparent (Figures 1-3a and 1-3b). For NV, it seems that the grain size
increases with discharge, but at LR there are large clasts present at low-flow
conditions. On average, the ratio of percent mass of sand to gravel is 62.9:37.1 for
NV and 38.7:61.3 for LR. Taken together,these average out to be approximately
50% sand and 50% gravel.
In order to place quantitative constraints as to the potential grain sizes that
could be expelled from the vents, preliminary velocity measurements of the
vertically directed vent discharge were made. Measurements were taken with a
Marsh-McBurney electrical current meter approximately 4 - 5 meters below the
water surface for NVand for LR. It is acknowledged that this data collection
technique has not been verified for robustness or accuracy, and that turbulent flow,
lack of knowledge regarding vent depth and aperture size, and non-verticality of the
instrument can all attribute to calculation error. However, initial measurements
reveal that at the specified depths vertical uplift speed was -1.5 m S-1 for NV on 19-
June-OO, well before peak discharge. Utilizing Stokes law of settling,
(3)
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Figure 1-3a. Plot of LR trend in grain size distribution through the meltseason.
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Figure 1-3b. Plot of NV trend in grain size distribution through the meltseason.
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Where V is uplift velocity, g is the acceleration of gravity, d is the spherical grain
size diameter, Cd is the coefficientof drag (0.6 for greaterthan sand size particles),
and Ps and Pr as the densities for solid and fluid respectively. A spherical particle
with a grain diameter of - 6 cm could theoretically be entrained by vent discharge.
This uplift velocity is not sufficient to explain the presence of rounded cobbles,
much larger than 6 em, fringing the vent. However, at peak discharge the uplift
velocities would be much higher, as inferred from the -1 meter high water fountain
that occurs at the vent surface.
Discussion and Implications
Figures 1-2a andl-2b shows trends in bedload and suspended load in relation
to discharge. There are different trends between the two sites in regards to the timing
and magnitude of discharge, as well as sediment load delivery. NV had an early
.season evacuation of bedload, probably related to a reservoir tapping event caused by
an expansion of the sub-glacial drainage network. A rise, spike, and exponential
decay follow after peak discharge. LR also had a predominantly early season
evacuation of sediment, followed by exponential decay in magnitude. High
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discharges prohibited samples from being taken at LR vent between 30-June-OO and
I8-July-OO.
The generalized flux variation paths are also shown on figures 1-2a and 1-2b
as the dashed lines, and are to be considered schematic trends. The early season
reservoir evacuations ofboth vents support the theory that linked-cavity type sub-
glacial drainage network is important for delivering sediment during the early melt
season (Lawson, 1993 p.63). The inset figures show the relationship between
discharge and bedload flux. There is poor correlation in the NY data evidenced by
the fairly large degree of scatter. There isa striking inverse correlation between
discharge and bedload at LR, which strengthens the supposition that these are
strongly supply-limited systems. In general, no linear or power-law fit can model the
data.
Based on the different timings of discharge, the two vents seem to have
different sub-glacial plumbing connections, yet the discharge characteristics for this
system are typical for glaciated basins (Figures I-2a and 1-2b). There is a seasonal
rise and fall in discharge during the summer, with the peak discharge usually
occurring 1-2 weeks after maximum insolation, sometime around mid-July.
Superimposed on this curve are smaller wavelength fluctuations in discharge that
generally correspond to the diurnal rise and fall in temperature. The discharge
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magnitudes begins to decrease near the end of the melt season (early October) as the
temperature begins to decrease, and the sub-glacial drainage network begins to "shut
down". Figure 1-2 shows the discharge pattern for the two systems monitored, with
the fluxes of bedload superimposed on the plot. The two hydrographs are clearly
distinct from one another, with the North Vent experiencing a much larger peak flow
on a diurnal, as well as melt season scale.
These sediment yield data are considered to be representative of the sub-
glacial sediment delivery process because they follow the discharge and suspended
sediment temporal patterns, with a peak flux occurring shortly after the peak
discharges (Figllfe 1-2). This indicates that the sub-glacial drainage network is in fact
yielding the load sampled, and we have successfully isolated out any fluvial
transportation signals. In addition, the lack of a clear trend in the grain sizes of
bedload sampled through the melt season (Figure 1-3) strongly indicates that the
sediment is supply-limited by the availability of material trapped inthe sub-glacial
(basal) ice. This also supports the assumption that the sediment measured is being
expelled out of the vent, and not isnot a signal of fluvial reworking processes,
because in fluvial systems an increase in discharge is correlated with an increase in
the size of clasts being transported (competence). The data suggests that for the
Matanuska Glacier, no meaningful predictive formulae between BLF and discharge
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can be established that would serve to estimate future coarse sediment flux. Alley et .
al (1997) carefully layout andquantitatively derive relations for calculating glacially
discharged bedload flux, but put forth the caveat that the equations hold only "ifthe
supply of sediment is not limiting" (p. 1018).
Meanwhile, the initial source of the large round to sub-round clasts that are
found fringing the vent and immediately downstream in the alluvial channel is still
unknown. We put forth the notion that these are not delivered by the vent, but rather
are a result of different processes at each.location. For LR, which is.situated just
glacier-side of a moraine, the large clasts are most likely from the breaching of the
moraine and the resulting local reworking by fluvial processes, winnowing away
finer grained particles. On the.other hand, NV is not situated proximal to a moraine,
and the angular clasts could be due to the head-ward melting of debris-covered ice as
the channel develops, and the subsequent in situ deposition of material. However, the
explanation for the source of the well-rounded clasts at NV remains enigmatic.
Since the ratio of the bedload to the suspended load is so small, we can infer
several potential scenarios for Matanuska Glacier erosion. First, the glacier mainly
creates fine-grained sediment as it abrades its bed, and there is little to no coarse
sediment present to be delivered to the sub-glacial drainage network (i.e. abrasion of
the bed is the dominant erosional process, and plucking of larger pieces is a minor
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process). These processes can be largely influenced by bedrock lithology. Second,
there isa much longer storage time for the clasts that are locked in the basal ice
relative to the fine grain particles. This statement implies that the sub-glacial
drainage characteristics are notof sufficient magnitudes to entrain coarse debris, or
stage of development to allow access to sediment reservoirs. This scenario
effectively sequesters material for an unknown duration of time. A third scenario is
that the major reservoirs of coarse material have long been exhausted by the sub-
glacial drainage system, possibly during the large-scale retreat of the Matanuska in
the Holocene. This implies that the dominant supply of coarse sedimenthas passed
to the outwash plain _104 years ago, during a relatively rapid period of time, and we
are simply measuring the vestigial remnants of that process.
An alternative to all three ofthese ideas is that the source of coarse sediment
in the valley is not supplied by (steady-state) glacial erosion at all, but ratherby
erosion and evacuation in the smaller, non-glaciated tributary basins (e.g. Hick's
Creek). There are approximately five such basins that drain the north half Matanuska
river watershed, and approximately ten that drain the southern portion of the basin.
When integrated as a whole, these basins could potentially account for providing a
substantial amount of material for valley in-filling. This means that we must re-focus
our attention toward this previously overlooked source area as to its role in average
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basin-wide denudation. Finally, we do not discount the possibility that there could be
a combination of the abovementioned processes in operation atany one time.
The second major implication from the results of our data analysis is that a
prescribed ratio of suspended load to bedload cannot be broadly applied to glaciers in
general. Matanuska Glacier bedload values account for not more than 1%.of the total
load, in comparison to other research,.wherein bedload ranges anywhere from 30 to
80% of the suspended load (e.g Gustavson and Boothroyd, 1987; Gomez, 1987;
Ostrem, 1973; Bogen, 1989). This implies that each glacier is unique in its
characteristics ofsediment yield, and that a baseline value must be obtained through
manual sampling of the individual systems. However, it must be remembered that
the Matanuska is potentially.a supply limited system, and we may.be sampling at a
time when the supply is already exhausted. Hence, the predictive quantitative
expressions derived by Alley et al (1997), as well as others, should only be employ~d
at transport-limited glaciers.
A primary limitation of the data is that the bedload measurements have only .
been instituted during one melt season, and only two ~ents were studied. Although
the samples were taken throughout the entire melt season, our interpretations are
limited by the relatively low-frequency of sampling, when compared to the
suspended load. The possibility remains that the load quantified is could be
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atypically lower, or higher, than that ofaverage years. In addition, the two vents
being sampled only account for approximately 15% of the total sub-glacial
discharge. A complete sampling regimen should be launched to determine if the
other vents are contributing more or less quantities of coarse sediment.·Also, a more
robust method should be developed to quantify peak discharge uplift velocities in the
vents in order to better constrain the maximum potential grain size capable of being
entrained and delivered out of the vent. However, our data supplies baseline values
which the geologic community can utilize to better understand the magnitudes and
rates ofdischarged bedload flux from the glacier, as well as the basin as a whole.
Conclusions
Comparison of the bedload versus the suspended load data reveals that the
suspended load comprises> 99% of the total load, and that bedload is a negligible
component in any erosion or sediment yield calculations for the Matanuska Glacier.
.Furthermore, the vents behave as supply limited systems where any sediment fluxing
through them is a function of sub-glacial reservoir release. This is significant because
this explains why no "power-law" rating curve can be established to relate meltwater
discharge to bedload flux. In order to better constrain and verify the 2000 melt
season data, more sampling, and/or higher frequency sampling, should be instituted
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on North Vent as well as other vents. This will provide repeatability and robustness
of the data, and it will begin to address the spatial and temporal shortcomings of this
research, building a better picture of the decadal-scale variability of sediment yield in
this glaciated setting.
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Introduction
Discharge, sediment load, and baselevel are perhaps the three most important
variables affecting the fluvial system. Significant changes in any, or all, of the
variants induce alluvial channelsto adjust their form and profile in a predictable
manner towards a new equilibrium state. (e. g. Schumm, 1969; Leopold and Bull,
1979; Germanoski and Schumm, 1993; Leopold, Wolman, and Miller, 1964). While
flume studies provide an accessible arena in which to investigate the quantitative
relationships between fluvial forcings and responses, they cannot adequately capture
the true spatial and temporal extent of response in natural channels.
Herein data and observations are presented from a natural, alluvial channel of
a particular size and setting such that it can be treated as a large outdoor flume. The
setting is a pro-glacial alluvial gravel-bedriver in Matanuska, Alaska (Figure 2-1).
The outcome of our observations allows us to address such fundamental issues
relating to fluvial response time and recovery trends, sediment entrainment and
mobility concepts, local base-level fluctuations, and vertical versus lateral incision
processes.
Initially, our motivationwas to examine the system in order to quantify and
.describe how such a system responds to variations in discharge and sediment load
over a glacial melt-season. Since we did not have first-hand experience with this
29
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Figure 2-1. Location map of study area. Open circle is approximate location. The trunk
Matanuska River is shown, although it should not be inferred that the LR vent is the
sole source of discharge contributing to that river
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field area and its associated surface process behaviors, we were not certain
whether the fluvial system would be static or dynamic. Oral communication with
workers in the area delivered conflicting views as to the activity of the system. On
one hand, there were reports that the same gravelbarshad been in the same location
for years.with no noticeable change in geometry. In contrast, there were reports that
one could audibly hear the cobbles of the channel bed being rolled and bumped
along the bottom. These two statements are virtually mutually exclusive. In other
words, there cannotbe a high degree of sedimentmovement in conjunction with a
static channel form.
We began our study just upstream of bridge and culvert arrangement, so that
we were not hampered by any anthropogenic factors (Figure 2-1). These culverts
reached maximum capacity before peak discharge occurred, instigating a backwater
pool and subsequent local aggradation. In order to avoid catastrophic failure,. the
culverts were pulled out on lO-July-OO and replaced with a structure of much larger
capacity. We focussed our attention on the sudden drop in local baselevel, the
resultant draining of the stored sediment and water, and documented the pre-, syn-,
and post-forcing dynamics of this braided alluvial channel. It will be demonstrated
that this stream in particular responds in a very non-linear fashion, and that the
temporal nature of the response magnitude is exponential decay with a complex
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response of alternating sediment storage and evacuation. Furthermore, we will
examine the effects that baselevelrise andfa11 had on the upstream portions of
channel, and how far the perturbation was propagated through the system.
Physical Setting
The specific location of our study area is at the terminus of the Matanuska
glacier, approximately 100 miles northeast ofAnchorage, Alaska, just off of the Glen
Highway (Figure 2-1). The particular reach examined, dubbed Little River (LR), is
approximately 350 meters in valley length and has its headwaters ina subglacial
"vent", where subglacial melt water is discharged. The vent has a lacustrine-type
morphology, with the subglacial discharge appearing as a small fountain in the
middle ofthe body ofwater when sub-glacial hydrostatic pressure builds up. The
vent for Little River is surrounded by hillslopes ofvegetation-free, debris-covered
ice (Figure 2-2). The ice melts as the summer progresses, instigating many small-
scale mudflows. These mudflows are a dominant process in delivering coarse and
fine sediment to LR's headwaters, and are referred to as "inwash". Directly
downstream ofthe vent, the stream breaches a moraine-ridge approximately 10
meters in height, and 5 meter in width (Figure 2-2). The valley bottom is virtually
non-existent in this reach until the moraine is passed, where the valley bottom
, abruptly widens and a large numbers ofboulders are found in the channel and
"floodplain". There are no tributary inputs along the reach studied, therefore
discharge is considered constant downstream (e.g. Chew and Ashmore, 2001).
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Figure 2-2. Little River Vent. Vent to channel transition is at the right of the page. Note person for scale, instability
of hillslopes, and incision of moraine. Vent bedload sample location is indicated by white arrow.
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Figure 2-2. Little River Vent. Vent to channel transition is at the right of the page. Note person for scale, instability
of hillslopes, and incision of moraine. Vent bedload sample location is indicated by white arrow.
Baseflow and/or losing reaches are considered negligible. The Systelll can
receive additional discharge in the fonn ofprecipitation and surface runoff. During
the 2000 field season, there were no significant stonn events that contributed to the
overall discharge of the LR.
Channel characteristics
Little River is representative of typical braided rivers: a wide and shallow
channel profile, an overall large median grain size, downstream fining, steep t:nergy
slopes, and multiple channels (anabranches) separated by sub-areially exposed bars.
These bars mayor may not be vegetated, and vary in size while retaining
characteristic parabolic lobate shapes with "tails" pointing upstream. The bars
usually have high percentage of fines in the interstices of the clasts. This is due to the
large amount of suspended sediment in the water, which tends to drape over the bars
as small scale bar flooding occurs. The vegetation is composed primarily of large
shrubs, which can reach approximately 2-3 meters in height (Figure 2-3).
Discharge
The discharge characteristics for these systems are typical for glaciated
basins (Figure 2-4). There is a large wavelength rise and fall in discharge during the
melt season, with the peak discharge usually occurring I - 2 weeks after maximum
insolation, sometime around mid-July. Superimposed on this curve are smaller
wavelength diurnal fluctuations that generally correspond to the rise and fall in
temperature. The discharge pattern begins to behave erratically near the end of the
34
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Figure 2-3. Upstream view of LR showing vegetated and bare bars. Line depicts approximate location
of moraine that is breached. Location of picture is approximately 5 m north of (0,0) on Figure 5.
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Figure 2-3. Upstream view of LR showing vegetated and bare bars. Line depicts approximate location
of moraine that is breached. Location of picture is approximately 5 m north of (0,0) on Figure 5.
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melt season (mid-late-August) as the temperature begins to decrease, and the
subglacial drainage network begins to "shut down" (Lawson, 1993).
Culvert
Little River braids naturally downstream of the moraine, with the individual
channels converging shortly up stream of a wooden bridge (Figures 5a and 5b). In
order to ensure stability of the bridge, four corrugated steel culverts collect and route
the flow under the bridge. These four culverts have a combined capacity of
approximately 120 cfs, and began to approach maximum capacity in early July. This
initiated a backwater ponding effect, with a slack pool forming where the flow
velocity subsides. Since the water is highly laden with glacial silt, a "clay ring" was
deposited on the edges of the water surface against the bank, marking the elevation
and slope of the water surface in the backwater pond. In effect, this system can be
I . .
conceptualized as a dam and reservoir system, with a controlled release (the
maximum capacity of the culverts). This scenario also serves to simulate a local
base-level rise to the fluvial system
As the culverts were at maximum capacity before the seasonal peak flow was
reached, the property owners·decided to replace them with a single, much larger
capacity half-pipe. This removal operation took place between the late night hours of
July 9th and the early morning hours of July 10th• Simulating a local and sudden
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Figure 2-5a. Early season channel morphology. Cross section line shown in blue. Location ofculverts are
approximately (-45, 35).
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Figure 2-5b. Late se~on channel morphology. Note the dissection of pre-existing bars
as the water surface rises.
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base-level fall, this action had profound and immediate impacts on the fluvial
system, which is described below.
Methods
Bedload
Bedload data was collectedusing two Helley-Smith hand-sampling devices,
one with a narrow orifice (7.8 cm wide), and one with a larger area orifice (15.2 cm
wide). The narrow orifice was ofheavier construction, with the advantage of having
less of "parachute" effect when employed in high flows. The·larger area orifice was
lighter in construction, and was employed during low-flow times, in order to increase
the sampling sensitivity. However, this sampler could not reliably be employed
during high-flow events due to its pronounced "parachute" effect. The difference in
vertical aperture size in capturing·sediment is considered negligible.
In order to get the most accurate sample of bedload sediment flux possible, it
was necessary to carefully feel around the bed of the channel (without disturbing any
sediment) to find the most topographically flat part available in the channel. This is
because the streams are very turbid, and it is impossible to visually determine if there
are any barriers to bedload movementblocking the orifice (i.e. large clasts not in
traction), as well as to ensure that the sampling device is not perched on any large
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clasts. When such a section of channel bottom was located, the sampler was carefully
lowered to the channel floor to prevent any disturbance of the bottom sediment when
impact occurred. A concerted effort was made to avoid any tilt of the sampler
forward to the angle normal to the bottom of the channel, also know as "scooping".
Scooping can easily occur, and will significantly increase the values taken as the
flow of the stream becomes disrupted and turbulence is concentrated at the very front
of the sampling orifice. For this reason, our data can be considered to be a
conservative "lower limit".
Because bedload movement in alluvial channels can be quite spatially
variable, two sites of sampling were chosen, and strictly adheredto throughout the
melt season. The first locationwas at the transition point between vent and channel
(Figure 2-2). This site (LR Vent) was chosen so that any sediment that was being
delivered to the stream via subglacial processes could be quantified. This also has the
advantage of setting a beginning value of bedload flux at the headwaters of the
stream. The second site was located approximately 300 meters downstreamfrom the
vent (Figure 2-5). A cross-section line was established at this point, so that the same
location could repetitively be sampled throughout the melt season. This site (LR X-
sec) was chosen because it was the only downstream reach where the braided
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channels converged into one main channel, thus allowing for an integrated
downstream measurement of bedload flux.
Samples of bedload were generally taken for three to five minutes of time,
with less time allocated for high sediment fluxes, and more time for low sediment
fluxes. This was done in order to get the most representative values of load. The
samples were then dried and weighed in the field laboratory. The mass of the
sediment (in grams) was then divided by the product of the sample time (in seconds)
times the width of the sampler orifice (in meters). The resulting value gives a flux of
sediment expressed as mass per unit time per unit width of channel. This also has the
benefit of normalizing the two different sampling orifices in terms of a unitwidth.
Mter being dried and weighed, the samples were then sieved through an automated
Ro-Tap sieve device for ten minutes to determine the distribution of grain sizes in
the sample. The results of the sieving are reported as per cent by mass of the total
sample mass. Clasts larger than -2.25 phi were not sorted by size and can represent a
large range of particle sizes. Any data reported as 100% ..2.25 phi by mass are
samples that were not sufficiently dry to be sieved, and in actuality contain smaller
grain sizes.
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Survey
In order to. document the changes in the fluvial geomorphology during the
meltseason, it was necessary to create a topographic basemap of the reach being
studied, which includes the braided channel patterns as well as the valley floor
topography. This was accomplished using a TDS-211 digital total station.
A total of five complete topographic maps were created during the melt
season. Of the five, only three are useable, as the first survey had uncorrectable
errors arising from the transition from base stations, and one survey was incomplete.
The topographic· surveys were organized such that there was one shot in the
beginning ofthe melt season (late May), one in the middle (late June) and one near
the end of the season (late July). In addition, data on observed local changes in
channel morphology and energy surface slope were documented by numerous larger
scale surveys. For comparison sake, the only surveys presented are pre- and post-
baselevel fall.
Braid bars
To facilitate the determination of the mobility of coarse sediment in the
system, three braid bars were selected, and their areal boundaries were marked by
means of pounding in metal stakes via sledgehammer at the beginning of the melt
season. These bars are aligned along the major axis of flow, with the most upstream
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bar having the highest dso' The grain size was determined by a 10 cm spaced pebble
count along the long axis of the bars, using digital calipers and a blind, random grab
technique to avoid optical biasing. By surveying in the bar outlines with the total
station, their position in space can be accurately determined. These bars were tracked
throughout the flow season to determine the magnitude of movement, if any.
Data
Survey
The early summer (June 2, 2000) and the late season (July 28, 2000) surveys
are plottedin figures 2-5a and 2-5b. The figure shows that the main channel banks
(red lines) are stable throughout the melt season. There is very little overall change in
channel width, as measured between the banks. Any observed increase is attributable
to an increase in the water surface elevation from increased discharge. Figure 2-5b
shows an increase in the braidin'g intensity compared to 2-5a. However, this again is
due to the rise in water surface elevations, causing the bars to become flooded down
their axial lows, and hence become dissected by flow. This is apparent equilibrium is
supported by the fact that the gravel bars do not change their overall position, and are
most likely stalled (Germanoski and Schumm, 1993).
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Long Profiles
Channel longitudinal profiles from the beginning and the end of the flow
season are shown in Figure 2-6a. South bank profiles are used because individual
channel water surface elevations can vary naturally (Germanoski and Schumm,
1993), and also because the southernbank is where the monitored geomorphic work
occurred. The headwaters of LR are flat in the long profile as the channel passes
through the moraine (between 500 and 600 meters distance in Figure 2-6a). The two
profiles show typical concave up shapes, and steep overall gradients. There is no
significant profile change incurred by a full summer melt season, indicating a system
that is more or less at grade to the given discharge. The localized convexities in the
profilesindicate slugs of sediment being stored inthe channel. Thattheydo not
migrate downstream during the meltseason supports the inference that they are
indeed stalled bars: This implies that the channelhas graded to much larger peak
flows than currently measured, and is not significantly attemptingto establish a new
equilibrium profile. The profiles intersect at approximately 100 meters distance
(Figure 2-6a), and here the late season profile shows an abrupt increase in slope,
most likely due to the localized baselevel fall. Figure 2-6b is a close-up of the
surveys to explore this idea in more detail.
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Figure 2-6b. Long profiles and clay ring elevations from backwater area.
Figure 2-6b shows the longitudinal profiles of the clay ring elevations, from
both the north bank and south bank of the channel. Also included are the long
profiles of the water surface elevation (energy slope) from June2, July 10, July 16,
and July 28 to show the pre-culvert removal slope, and the evolution of the profile
after culvert replacement. For the sake of reference and context, the position of the
cross sectional profiles relative to the long profiles is placed on Figure 2-6b.
Channel Cross Sections
Four channel cross section surveys were performed during the flow season
(Figure 2-7); one in the early flow season, one closely following culvert removal,
one about a week after removal, and one near the end of the flow season. Figure 2-7
shows the downstream view, with flow being "into the page". The cross section was
constructed approximately fifty meters upstream of the culvert (Figure 2-5). The
"south" channel received a small amount of flow early in the season, but emptied and
never re-filled after July 10.
Flow
Flow data were obtained from USGS digital flow recorder for the period of
16-June to 28-Aug (Figure 2-4). Prior to this time, discharge was measured via
velocity-area relationship. The hydrograph data is reported on lO-minute intervals.
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Figure 2-7. Little River cross section profiles. View is in the downstream direction (see figure 5 for location).
Peak flow was 260 cfs, occurring on July 15. Flow goes to near 0 when the winter
freeze halts discharge. Average flow is 100 cfs, and median flow for the summer of
2000 is 70 cfs. The spike in discharge on the 10th of July is a result of the culvert
removal and the ensuing draining of the backwater pond,andnot indicative of any
physical process.
Bedload
Bedload data are summarized in Table 2-1. The average transport rate of
bedload through Little River prior to culvert removal is 1.51 gmol sol. This value has
an implied per unit channel width.term,.as it is a part of the flux measurement
dimensions. However, this isjustified as the channel being studied is not very wide
at sample point (Figure 2-7), and that bedload movement decreases towards the
channel edges as the flow velocity, and therefore shear stress, decreases. Maximum
flux measured is 823.43 g mol Sol, recorded on the 10th of July. Average bedload flux
following culvert removal is 145.28 g mol S·l. By default, minimum bedload is O.
There is no correlation between the movementof bedload and the magnitude of
discharge (Figure 2-8).
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Note: SIte 1 • Uttkt RNer CrosHection, SIte 2 • Vent
Somple
'=,bY
Somple
--
SamoIetlme ~ Sample .2~5':'(% ·1 PhI (% by OPhl(l\by 2=,by 3P~,by ~.=.. FlUXl",,", %~ % by .....Number l.o<a1lan ..... ..... sand
1 28-M"""" 11:00 AM 3 1 0.00% 13._ 21A9% 31.A1l% 30.31% 2.n% 2.959 0.22 13.96% 86.04%
2 28-Mav.OO 1:00PM 3 1 0.00% n.95% 16.02% .21% 1.65% 0.18% 2.652 021 n.95% 22.05%
3 '8-Mov.M 2:00PM 3 2 0.00% SO.56% 28.33% 15.00" 811" O.M"- 0.80 001 SO.56" .9.....
• 29-MaY-OO 3:00PM 3 1 0.00% 20.18% 0.00% 15.79% 57.02% 7.02% 0228 0.02 20.18% 79.82%
5 ~ 8:00PM 3 1 0.00% 56.1.% 2.82% 7.04% 31.19% 3.02% 0••97 0.04 56.1.% ~.86%
8 3(l.I.\ay.OO 5:30PM 3 2 0.""" 22.51" 25.65% 37.28% ,.,4% 0.•2% 0.955 0.07 22.51% 77A9%
7 31-Mov.M 12:30 PM 8 2 0.""" 83.29" 20.55" 12A"" 3.55" 0.21" 2.847 0.10 83.29" 38.71"
8 3-Jun.OO 12:30 PM 3 2 0.00% 86.38% 10._ 225" 0.87" O.M"- O.BOO 0.06 86.38" 13.82"
9 &.Jun-OO 10:00 AM 3 1 0.00% 8.83% •.03% 12.99% 80.39% 13.n% o.no 0.06 8.83% 91.17%
I
11 fl.Jun-OO 2:00PM 2 2 2.56" 28.84" 35.01" 23.54" 11.89" 0.38" 34.Bn 1.90 29A"" 70.M"-
12 7.Jun-OO 8:30PM 3 1 0.00% 12._ 22.70% 33.54% 28.84% 2.81% 5.083 0.37 12._ 87.70%
13 10.Jun.00 11:30 AM 3 2 15.82" 54._ 23A7" 5.57" 1.03" 0.00% 1453 0.11 89.92% 30,08%
14 1o.Jun-OO 12.1lOPM 3 1 41.29% 27.25% 12.84% 9~9% 8.23% 0._ .aAOB 2.95 86.54% 31.A1l%
17 1~un-OO 3:30PM 3 2 0.00% Oo.e8% 27.35% 8.55% 3,42% 0.00% 0.351 0.03 80.88% 39.32%
19 lfl.Jun-OO 12:00 PM 5 2 81.84" 24.02% 8.32% • .22% 1.52% 0.08" 221.754 •.86 65.88" 14,14%
21 lfl.Jun-OO 2:.ePM 5 2 68,11% 18._ 8.23% 4.75% 2.31% 0.09% 228.563 5.01 84.81% 15.39%
24 19.Jun.OO 11:00 AM ·3 1 0.00% =% 25.37% 10.70% 22.08% 3.57% 1.786 0.13 32.22% 87.78%
34 21.Jun-OO 10:00 AM 10 1 9.15% 22.82% 30.84% 27.93% 8.69% 0.87% 7.278 0.32 31.78% 8622%
28 21.Jun-OO 11:00 AM 5 1 73.08% 14.A1l% 8.49% .28% 1.87% 0.08% 275.W 12.10 87.52% 1~%
30 21.Jun.OO 2:-40 PM 5 1 86.23% 4.04% 2.35% 3.13% 2.12% 0.14% 57.784 2.53 92.27% 7.73%
32 21.Jun-OO 3:00PM 10 1 ·'2.06% 17A9% 18.18% 30.55% 22.12% 1.59% 13.978 0.31 29.56% 7U4%
31 21.Jun-OO 3:25PM 5 1 33.78% 26.84% 12.55% lU4% 11.29% 0.79% 183.874 7.18 80.72% 39.28%
29 21.Jun-OO 3>l5PM 5 1 27.84% 10.81% 5.35% 22.54% 31.49% 2.17% 12.57. 0.55 38A5% 81.55%
38 23.Jun.OO 11:30 AM 5 1 0.00% 8.n% 8.n% 19.87% 56.87% 9.73% 1A19 0.06 8.n% 93.23%
35 2~un-OO 10·.eAM 5 2 31.37% 19.22% 12.56% "'4% 19.28% 343% In.703 7.79 SO.56" .9.•2"
38 26.Jun-OO 100.aAM 5 1 0.00% 3.73% 328% 23.14% 83.99% 5.87% 9.182 DAD 3.73% 96.27%
~ 28.Jun-OO 4:10PM 5 1 34.81% 25.98% 17.03% 10.02% 10.48% 1.92% 7~.878 32.82 80.56% 39."%
., 29.Jun-OO 10:00 AM 3 2 18.03" ".34" '8- 10.."" 20.73" 1.- 36,3n 1.33 ~.38% 56.82%
.. 3O.Jun.OO 3:50PM 5 1 41.15% 22.04% 9.80% l1A9% 1•.03% 1A9% 87.195 3.82 83.18% 38.82%
48 1.Ju1-OO 8:20PM 5 1 1.74% 5.24% 8.71% 22.08% 53.29% 10.95% .2.864 1.88 8.98% 93.02%
48 3.JuI-OO 5:30PM 5 1 18.12% 19.n% lUO% 17.08% 29.29% 3.38% 24.W 1.09 35.89% 84.11%
47 3.JuI-OO 8>l5PM 5 1 75.87% 2.04% 1.84% 4.33% 13.05% 3.27% .eD.939 9.89 n.71% 22.29%
.9 ~uI-OO 8:15PM 5 1 1.92% 2.04% 2.29% 15.73% 87.01% 11.02% 197.279 8.65 3.98% 98.04%
51 8.JuI-OO 8:10PM 5 1 89~ 1.02% 0.84% 2.88% 5.14% 0.54% 355.786 15.80 90.52% 9.48%
53 7.Ju1-OO 10:00 AM 5 1 0.86% 3.93% 4.A1l% 18.09% 83.50% 8.53% 30.147 1.32 H9% 95.21%
Table 2-1. Little River bedload data.
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SaIrl>Ie 3~lby .=t=:;.. %~ %by .....SaIrl>Ie SamoI8data 1""""",,- d= SaIrl>Ie .~n:.\% .,=by O=by '=lby 2P1i(% by FlUXlalm~Number Lcca1lon ..... sand
54 IhJuI.OO 4:30PM 7 1 71.76% 2.92% 1.38% 6..10% 15.54% 1.99% 1139.676 35.70 74.69% 25.31%
70 llJ.JuJ.OO 1:14PM 1 1 65.57% 6.73% 6.01% 10.10% 10..10% 1.19% 656.560 188.26 72.30% 27.70%
69 llJ.JuJ.OO 1:15PM 5 1 35.13% 16.60% 15.42% 17.20% 14.24% 1.41% 312.902 623.43 51.73% 46.27%
"
67 1().JuJ.OO 1:20PM 2 1 2.50% 3.77% 10.31% 40.67% 39.52% 3.03% 472.442 51.60 6.27% 93.73%
56 1Q.Jul-OO 1:50PM 3 1 72.34% 6.46% 5.31% 7.11% 7.13% 1.64% 690.393 50.47 78.62% 21.16%
66 llJ.JuJ.OO 1:56PM 2 1 82.19% 4.79% 4.13% 4.46% 4.00% 0..11% 402.387 44.12 66.98% 13.02%
59 llJ.JuJ.OO 2:00PM 5 1 31.63% 21.52% 2.94% 3.87% 32.51% 7.53% 1.938 0.06 53.15% 46.ll5%
65 1().JuJ.OO 2:00PM 5 1 24.64% 22.95% 21.10% 17.17% 12.40% 1.54% 56.121 2.46 47.79% 52.21%
56 1Q.Jul-OO 3:00PM 3 1 31.29% 22.16% 4.90% 6.36% 30.40% 4.66% 29.036 2.12 53..16% 46.54%
71 1Q.Jul-OO 4:40PM 2 1 46.65% 17.52% 14.69% 12.89% 7.66% 0.59% 712.099 76.06 64.17% 35.63%
n llJ.JuJ.OO 5:00PM 2 1 6.95% 1.20% 4.67% 32.25% 46.69% 5.65% 342.619 37.57 6.15% 91.65%
73 11.Jul.OO 1:15PM 1 1 56.26% 12.55% 10.39% 10.94% 7.11% 0.73% 799.412 175.31 70.62% 29.18%
74 11.Ju1-OO 1:20PM 2 1 11.92% 9.23% 17.92% 32.31% 25.64%'
2._
730.667 60.14 21.15% 76.65%
76 l~uJ.OO 1:10PM 3 1 15.44% 16.62% 19.96% 27._ 17.32% 1.37% 123.337 9.02 34.26% 65.74%
75 13.Ju1-OO '4:40PM 3 1 53.76% 22.23% 13.33% 6.79% 3.33% 0.57% 1,354.003 96.96 75.96% 24,02%
76 Is-Ju1.OO 12:50 PM 3 1 100.00% 0,00% 0,00% 0.00% 0.00% 0.00% 3,750.000 274.12 100.00% 0.00%
79 1s.Jul-OO 1:56PM 3 1 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 7.100.000 519.01 100.00% 0.00%
61 l!hJuI-OO 1:40PM 5 2 6434% 14S2'" 734'" 7..14'" 5.46'" 0.56'" 13.n'OT 0.57 79.16% 20.64%
60 23.Ju1-OO 1:05PM 5 1 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 6,600.000 289.47 100.00% 0.00%
64 ~ul-OO 2:20PM 5 2 15.63% 41,12% 17.13% 13._ 11.31% In% 3,147 0.14 56.75'" 43.25'"
62 2!hJuJ.OO 4:20PM 5 2 37.53% 37.56'" 15.82% 5.72'" 3.'"'" 0.26'" 6.506 0.29 75.12% 24.66%
63 2-'"<>00 12.'00 PM 5 1 30,16% 6.31% 20.03% 46,95% 50.39% 4.46% 4.334 0,19 36.46% 121.ll5%
Table 2-1. Little River bedload data.
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Figure 2-8. Little River Bedload rating curve measured at Cross-section.
Discussion
Prior to beginning field work, our initial working hypothesis was that the
fluvial system, by definition, should be highly active, with much of the change in
channel form during the melt season being due to the variability of discharge,
sediment load, and characteristics inherent to braided streams. However, what we
foundwas quite contrary to this premise.
Gravel-bar mobility
During the beginning of the melt season, when discharge was on the increase
and activity should theoretically be increasing (as flow velocities and thus shear
stresses exerted on the channel bed material), bedload movement was observed, on
the order of 101 g m-1 S-1 (Figure 2-4, Figure 2-8, Table 2-1). Further, no significant
changes in the location of gravel bars were seen, and no significant changes in
channel cross section were observed. This does not imply that there was a complete
absence of work being done on the system. On the contrary,there were localized
occurrences of sediment movement, as smaller bars became axially flooded as the
water surface increased. As these bars became flooded, the downstream facing slopes
tended to be dissected as flow became channelized on the downslope face. As a
result of this channelized flow, the fines in the bar material were winnowed away a
short distance forming an apron, while the coarse material tended to locally collapse
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in place, and not be moved·a significant distance or become alarge component of the
sediment budget. To be sure, the changes noted were of small magnitude, and do not
imply thatthe·system ever tried to attain a new equilibrium more consistent with
peak discharges.
Baselevelfall
As the melt season progressed and the existing culverts began to approach
maximum discharge capacity, as a backwater pool began to form. This backwater
pool, or pond (reservoir), grew larger as the discharge continued to increase while
discharge capacity maintained constant. This had the effect of creating a level pool
reservoir, with an energy slope approaching 0 (Figure 2-6b). Because the water is
fully laden with silts andclays, where·the energy slope (approximated by the water
surface slope) intersects the channel banks, an identifiable "ring" of clay is deposited
which marks the highestelevation of the backwater pool, as well as its upstream
extent. This is extremely advantageous for analysis. It is evident that the clay ring
.profile projects to intersect the profile of July 10, almost exactly where the increase
in slope occurs. As documented by Leopold and Bull (1979), results of channel
impoundment (baselevel rise) lead to "wedges" of sediment building quickly. The
sediment did not significantly continue to accumulate upstream past the height of the
impoundment. Granted, their study charted the channel bed profile, and our study
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tracks the energy slope changes, but parallels between the two parameters exist..As a
result ofLR's impoundment of flow by the culverts, a slug of coarse sediment was
deposited in the backwater pool (Figure 2-9).
Upon removal of the original culvert design to avoid catastrophic failure, the
backwater pool experienced a severe flushing episode. Asa result of the.greatly
increased discharge capacity, thepond was able to drain, and the energy surface of
the channel quickly increased its slope. Figure 2-6b shows that while the channel's
energy slopes vary in elevation due to increases or decreases in overall discharge
(see Figure 2-4), there is a zone of steep gradient increase at the upstream end of the
clay ring. This indicates a small-scale, local, adjustment of slope by the stream to
increase stream power, evacuating the .stored sediment.
When the baselevel was·nearly instantaneously dropped, the system
\
responded with a hydraulic flushing of the accumulated clastic wedge. This is
indicative of the stream attempting to restore its pre-impoundmentgrade, in the most
efficient manner (Lai and Shen's "retrogressive erosion" [1996]). This efficiency is
manifested in the channel cross-sectional widening, as it laterally erodes the loosely
indurated material. Figure 2-7 shows the initial thalweg begin filled in with
sediment, while the point bar become rapidly corraded laterally. In contrast, the
active cut bar remained constant in geometry and experienced no corrasion or
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Figure 2-9. Shows the deposited clastic "wedge" upstream of culverts. Dashed line is cross section
location from Figure 2-5. Flow is from upper right to lower left of page.
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Figure 2-9. Shows the deposited clastic "wedge" upstream of culverts. Dashed line is cross section
location from Figure 2-5. Flow is from upper right to lower left of page.
aggradation. Generally, the channel changed from relatively narrow and deep to wide
and shallow. The cross channel profile line ends short of the section line, where no
morphologic change had occurred. The small channel at the south end of the section
line experienced flow for a period of days, when ponding was significant, but
quickly emptied and never regained flow contribution after the culvert removal.
The initial thalweg aggraded, which indicates that sediment is being supplied
to the channel. The channel widened in response to this influx of coarse sediment,
because it increased the width to depth ratio of the channel, allowing for more
efficient transport of coarse material for a given stream power - the discharge slope
product (Leopold and Bull, 1979; cf. Bagnold, 1977). This is further supported by
Ritter and Baker (1975), in that Bernoulli lift of particles is maximized in swift
shallow flows, and is minimized in deep flows as the flow velocity vector at the
channel bed becomes small. Also important to note is that the wave of erosion did
not progress upstream of the deposited wedge of sediment, and where the stream
profile was at initial grade (-150 meters easting in Figure 2-6b), no erosion took
place.
A major contribution of this work is to provide insight as to the response
rates and duration of the system as a result of the base level-fall. Schumm and Rea
(1995) put forth the notion that fluvial systems behave as "damped springs", with a
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major response early, followed by an oscillating but overall exponential decay as the
system approaches dynamic equilibrium. This is an attractive concept, and our
documentation shows something quite similar.
Figure 2-10 shows the response of the system to the baselevel fall through
time, measured as bedload flux, as well as magnitude of linear retreat of the major
gravel bar (accumulated clasticwedge). The initial response occurs almost
instantaneously, and is manifested as lateral corrasion. The summation curve shows
the overall exponential decay of the response through time, supporting Schumm and
Rea's 1995 theory that disturbed earth systems behave in this manner. A closer
examination of Figure2-10 reveals complex responses of the fluvial system to the
baselevel fa1l- also seen in Schumm and Rea's (1995) experiments. The actual
measured flux of sediment at first is low, butfluctuates to higher and higher
proportions as the erosion of the bar wanes. There are two points where the transport
and erosion curves cross over, possibly indicating which state.of energy expenditure
the system is in, and what process is dominating. Forexample, it is· more efficient for
the streamto first accommodate the increased energy gradient by increasing its
cross-sectional area (widening), effectively lowering the discharge velocity. Then the
system reaches a point where sediment being supplied to the channel is
overwhelming, and the stream then switches its energy expenditure to removing the
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Figure 2-10. Magnitude of fluvial response through time.
excess amount of sediment being supplied to it. In other words, the system
complexly oscillates alternately between sediment storage and sediment evacuation.
There are a few shortcomings with this analysis of the data. First, there is
only one cross-section.location. This at-a-stationtype data only provides information
regarding the local reach, and cannot be considered as representative of the river's
entire hydraulic geometry patterns (Leopold, Wolman, and Miller, 1964). Secondly,
the diminishing of transported bedload toward hour 160 (Figure 2-9) may not
necessarily represent true equilibrium of the system, rather it may simply be due to
the falling discharge near this time (Figure 2-4). This implies that there is a definite
discharge threshold for the system, below which sediment will not be entrained and
evacuated. Finally, and related to the above point, we have only studied this system
for one season. It would be enlightening to continue data collection next season,
when the discharge hits peak flow, and the system continues to work itself towards a
dynamically graded condition.
Conclusions
From the above discussion, we can conclude the following: Baselevel rise
instigates accumulation of a clastic "wedge" as documented by Leopold and Bull
(1979), and does not pass upstream of the point of break in energy surface slope.
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Sudden local base-level fall stimulates a hydraulic flushing of the accumulated
clastic sediments, and incision does notprogress upstream f this point. The channel
response is nearly instantaneous, and lasts for approximately 150 hours. Stream
response is manifested by an increase in the width-to-depth ratio, characterized by
lateral corrasion and local infilling of pre-existing thalweg. The nature of response
times and rates are exponential decay and has complex responses of alternating
sediment storage and evacuation.
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